ABSTRACT The suitability of tomato leaves of different ages for Bemisia tabaci (Gennadius) B biotype and Trialeurodes vaporariorum (Westwood) was characterized by development time, stage-speciÞc survival, sex ratio, longevity, and fecundity. Three categories of leaf ages were tested (young: expanding leaves Ͻ2 wk old; mature: fully expanded, 4 Ð5-wk-old leaves; old: fully expanded, 6 Ð7-wk-old leaves). There was no signiÞcant variation in the duration of development of the two species among the three classes of leaf ages, but total survival and ratio of females to males on mature and old leaves were higher than on young leaves. For egg hatch, the reverse tendency was found. Longevity of both species was higher on mature than on young leaves, and fecundity during the Þrst 2 wk of adult life was higher on mature than on young or old leaves. The B. tabaci B biotype developed faster through the quiescent fourth nymphal instar, had higher ratio of females to males, survived longer, and produced more eggs (in the Þrst 2 wk of adult life) than T. vaporariorum on leaves of the same age; although on young leaves, B. tabaci B biotype survivorship was lower than that of T. vaporariorum. The index of host suitability of B. tabaci B biotype was higher on mature and old leaves than on young leaves. In T. vaporariorum, no such differences were found among these three leaf ages. The results could provide some cues why B. tabaci B biotype is spreading so vigorously.
The two whiteßy (Hemiptera: Aleyrodidae) species, Bemisia tabaci (Gennadius) B biotype (B. argentifolii Bellows & Perring) and Trialeurodes vaporariorum (Westwood) are major agricultural pests of Þeld and horticultural crops worldwide (Russell 1977, van Woets 1988, Oliveira et al. 2001) . They damage commercially important plant species through direct feeding Bellows 1991, Oliveira et al. 2001) , contamination of plants by honeydew and subsequent sooty mold infection (Perkins 1983 (Perkins , 1987 Lei and Xu 1993) , and through the transmission of plant viruses (Muniyappa 1980 , Jones 2003 , Hogenhout et al. 2008 . B. tabaci B biotype invaded China in the mid-to late 1990s (Luo et al. 2002) and has become one of the most important agricultural pests (Liu et al. 2007 , Hu et al. 2011 . T. vaporariorum has been a serious threat to greenhouse production, Þeld crops, and horticultural crops in northern China since the mid-1970s (Zhu et al. 1988) .
Many homopteran or hemipteran species are sessile throughout much of their life cycle (Denno et al. 1995) . Whiteßy crawlers are poor dispersers; even their ability to disperse from the particular leaf where they were deposited as eggs is limited (Byrne and Bellows 1991) . Consequently, leaf age can be a critical factor affecting immature survivorship or development (Byrne and Draeger 1989 , Cardoza et al. 2000 , Lu et al. 2007 .
T. vaporariorum has a tendency to occupy younger tomato leaves than B. argentifolii (Tsueda and Tsuchida 1998) , and prefers young leaves to old leaves on tomato (Lycopersicon esculentum L.) (Noldus et al. 1986 ) and cucumber (Cucumis sativus L.) (Xu et al. 1984) . Adult B. tabaci B biotype prefer leaves in the middle stratum of cucumber plants for feeding and ovipositing, but leaf age has no signiÞcant effect on the duration and survival of immature stages other than the duration of egg development and red-eyed nymph stage (Lu et al. 2007) .
Apart from the above, little attention has been given to measure the consequences of leaf age on host plant suitability of B. tabaci B biotype and T. vaporariorum. In this study, we examined the differences in life history parameters, including development, stage-speciÞc survival, sex ratio, longevity, and fecundity in the two species on tomato leaves of different ages. (Frohlich et al. 1999) . T. vaporariorum also was obtained from a colony maintained on tomato (Zhongshu No. 5) since 2005. Colonies of the two whiteßy species were reared on potted tomato plants in greenhouse at 20ЊC-26ЊC, 60% Ϯ 10% RH, and a photoperiod of 16:8 (L:D) h. At the time of the experiments, these two whiteßy species had been maintained separately for 4 yr.
Materials and Methods

Insects
Plant. Tomato plants (Zhongshu No. 5) were grown from seed in a mixed potting medium (soil, vermiculite, and plant ash, 1:1:1) in plastic pots (130 mm by 175 mm in diameter), and were maintained in whiteßy and thrips-proof screen cages (70 cm long, 50 cm wide, and 70 cm high; Kelin Hengda Technology Development Co., Ltd., Beijing, China), at 20ЊC-26ЊC in a greenhouse on the campus of the Chinese Academy of Agricultural Sciences, Beijing, China. Plants were checked daily and watered as needed.
Experimental Conditions. The experiments were conducted in climatic chambers (PRX-450D, SAFE, Ningbo Haishu Safe Experiment Instrument Company, Ningbo, Zhejiang, China) at 26ЊC Ϯ 1ЊC, 60% Ϯ 10% RH, and a photoperiod of 14:10 (L:D) h.
Leaf Age Experiments. The numbering of leaves on tomato plants started with the oldest leaf (lowest leaf on the plant) being number 1 to the youngest leaf (highest leaf on the plant). We started counting leaf age when leaf 3 was fully expanded. Leaf age experiments were conducted by establishing B. tabaci B biotype or T. vaporariorum on tomato plants on young (expanding leaves Ͻ2 wk old), mature (fully expanded, 4 Ð5-wk-old leaves) and old (6 Ð7 wk) compound leaves. Each selected leaf was enclosed in a gauze sleeve cage (20 cm long by 15 cm wide, 3 cm high at the top, mesh size 0.15 mm by 0.15 mm; Kelin Hengda Technology Development Co., Ltd., Beijing, China). Twenty adults (10 males, 10 females; 7Ð10 d old) of B. tabaci B biotype or T. vaporariorum were collected from tomato plants by using a mouth aspirator, sexed under a stereomicroscope (180 ϫ magniÞcation), and allowed to escape into the gauze sleeve cage. Six plants were used for each treatment and whiteßy species. The three treatments were tested simultaneously for the two whiteßy species. In total, 36 plants each with a sleeve cage on the selected target leaf were used. The adults were allowed to oviposit for 12 h, and subsequently were removed. The numbers of eggs laid varied between 20 and 30 on each target leaf. The plants with egg-laden leaves were kept in climatic chambers at the conditions above.
Nymphal Development Assay. Survival and development of all immature stages were monitored twice daily (at 0700 and 1800 hours) until adult emergence. Stage transition was assessed by the presence of the exuvium of the last nymphal molt and morphological characteristics . The development time was determined from daily observations and counts of adult emergence. Survival between each successive stage was determined as a percentage of the number of individuals entering that stage: % survival ϭ (number entering the next stage/ number leaving the previous stage) ϫ 100%.
Newly emerged adults were isolated in glass tubes (34 mm by 10 mm in diameter) and sexed under a stereo-zoom microscope (180 ϫ). Percentage of female adults of both species in each treatment was calculated.
Adult Longevity and Fecundity Assay. Adults of B. tabaci B biotype or T. vaporariorum that emerged from the same treatment on the same day were grouped. Six to ten adults of each species (female:male ϭ 1:1) were used in each group. The adults were enclosed in gauze sleeve cages on young leaves. Survival was recorded daily. The surviving adults were transferred gently to a new plant with young leaves at weekly intervals. When adults were transferred to new plants, the old leaves were examined, and the numbers of eggs or nymphs were counted under a stereo-zoom microscope. The experiment was terminated when all the adults died. The longevity was determined from a daily count of adults. The fecundity was estimated as: fecundity ϭ total number of eggs laid in the Þrst 2 wk/number of female adults in a group. Data Analysis. Percentage-based data were arcsine transformed and numbers of eggs were square root transformed before analysis of variance (ANOVA). The leaf age experiments in B. tabaci B biotype and T. vaporariorum produced data on mean development times, percentages of survival from egg to adult, sex ratio, adult longevity, and fecundity. Such data were subjected to two-way (whiteßy species and leaf age) or one-way (same whiteßy species among different treatments) ANOVA, and means were tested using least signiÞcant difference (LSD) test (PROC GLM SAS Institute 2006). Total development time and survivorship were used to calculate an index of host suitability based on the rearing suitability index (Howe 1971): rearing suitability index ϭ log S/t where S is the percentage survival and t is mean development time of immature in days. Normality tests indicated that this index was also normally distributed.
Results
Effects of Leaf Age on Suitability for B. tabaci B biotype and T. vaporariorum. Both whiteßy species developed to maturity on all three classes of leaf ages, and produced a population containing both males and females. Red-eyed nymph survival in both species was higher when cultivated on mature and old leaves than on young leaves (F 2, 36 ϭ 8.069; P ϭ 0.001), but there was no signiÞcant difference between the two whiteßy species (F 1, 36 ϭ 0.001; P ϭ 0.972). Higher egg hatch was observed on young leaves than on mature or old leaves (F 2, 36 ϭ 7.564; P ϭ 0.002), with signiÞcant differences between B. tabaci B biotype and T. vaporariorum (F 1, 36 ϭ 13.859; P ϭ 0.001; Table 1 ). Egg hatch was higher on young leaves than on mature or old leaves (F 2, 19 ϭ 16.753; P Ͻ 0.01) in B. tabaci B biotype, but no such difference was found in T. vaporariorum (F 2, 15 ϭ 0.977; P ϭ 0.399). B. tabaci B biotype egg hatch was signiÞcantly higher than in T. vaporariorum on young (t ϭ 2.861; df ϭ 10; P ϭ 0.017) and mature (t ϭ 2.693; df ϭ 11; P ϭ 0.021) leaves.
There was no signiÞcant variation in Þrst to third instar nymph survival of either species on any of the three leaf ages (leaf age: F 2, 36 ϭ 0.581, P ϭ 0.565; whiteßy species: F 1, 36 ϭ 1.329, P ϭ 0.257). In B. tabaci B biotype, the mature and old leaves were more suitable than the young leaves for the survival of Þrst to third instars (F 2, 19 ϭ 13.549; P Ͻ 0.01) and of red-eyed nymphs (F 2, 24 ϭ 11.235; P Ͻ 0.01). The percentage survival of Þrst to third instars of T. vaporariorum was 35.9% higher than in B. tabaci B biotype on young leaves (t ϭ 3.664, df ϭ 10, P ϭ 0.004), but 21.2% lower on mature leaves (t ϭ 2.637, df ϭ 11, P ϭ 0.023; Table 1 ).
Both species successfully developed on young, mature as well as old tomato leaves, but B. tabaci B biotype developed faster than T. vaporariorum (F 1, 35 ϭ 138.950; P Ͻ 0.01). The overall survival was higher on mature and old leaves than on young leaves (F 2, 36 ϭ 5.021; P ϭ 0.012), and no prominent difference was detected between the two species (F 1, 36 ϭ 0.577; P ϭ 0.452). Mature and old leaves were better for B. tabaci B biotype (Ͼ55% total survival) than the young leaves (Ͻ26% total survival; F 2, 19 ϭ 21.468; P Ͻ 0.01). There was no signiÞcant variation in the total survival of T. vaporariorum among the three classes of leaf ages (F 2, 15 ϭ 0.280; P ϭ 0.760). Young leaves supported a higher proportion of T. vaporariorum through to the adult stage than that of B. tabaci B biotype (t ϭ 2.400, df ϭ 10, P ϭ 0.037; Table 1 ).
There were signiÞcant differences between B. tabaci B biotype and T. vaporariorum in the host suitability index on the three leaf age classes (F 1, 35 ϭ 4.989; P ϭ 0.032). On young tomato leaves, the host suitability index was not signiÞcantly different between the two species (t ϭ 1.997, df ϭ 10, P ϭ 0.074); while on mature (t ϭ 7.211, df ϭ 11, P Ͻ 0.01) and old (t ϭ 4.910, df ϭ 13, P Ͻ 0.01) leaves, the host suitability index was higher for B. tabaci B biotype than for T. vaporariorum (Table 1) . Mature and old tomato leaves had a higher host suitability index for B. tabaci B biotype than young leaves (F 2, 19 ϭ 24.826; P Ͻ 0.01); no signiÞcant difference was found for T. vaporariorum (F 2, 15 ϭ 2.258; P ϭ 0.139).
Sex Ratio. In general, leaf age signiÞcantly inßu-enced the percentage of females produced (F 2, 34 ϭ 8.731; P ϭ 0.001), which was higher for B. tabaci B biotype than for T. vaporariorum (F 1, 34 ϭ 11.625; P ϭ 0.002); but there was also a species-speciÞc effect. In B. tabaci B biotype, young leaves produced fewer females than either mature or old leaves (F 2, 19 ϭ 4.627; P ϭ 0.023; Fig. 1 ). In T. vaporariorum, mature leaves supported the highest percentage of females (F 2, 13 ϭ 4.016; P ϭ 0.044), signiÞcantly more than young (P ϭ 0.018), but not old (P ϭ 0.068) leaves (Fig. 1) .
Effects of Leaf Age on Longevity and Fecundity of Adult B. tabaci B biotype and T. vaporariorum. The longevity of B. tabaci B biotype was greater than that of T. vaporariorum (F 1, 88 ϭ 14.382; P Ͻ 0.01) overall. The two whiteßy species survived longer on mature than on young leaves (P ϭ 0.032) but not on old leaves (Table 2) . B. tabaci B biotype survived 6.19 and 8.59 d longer than T. vaporariorum did on young (t ϭ 3.523, df ϭ 19, P ϭ 0.002) and old (t ϭ 3.318, df ϭ 30, P ϭ 0.002) leaves, respectively. Adult of T. vaporariorum survived longer on mature leaves than on young or old leaves (F 2, 39 ϭ 5.907; P ϭ 0.006). Leaf age had no signiÞcant effects on the adult longevity of B. tabaci B biotype (F 2, 44 ϭ 0.171, P ϭ 0.843; Table 2 ).
The fecundity of both whiteßy species in the Þrst 2 wk of adult life was signiÞcantly higher on mature leaves than on young or old leaves (F 2, 38 ϭ 9.254; P ϭ 0.001), and there were also signiÞcant differences in fecundity between the two species (F 1, 38 ϭ 40.142; Means (Ϯ SE) within a column followed by different lower case letters (Roman for B. tabaci B biotype and Greek for T. vaporariorum) differ at P Ͻ 0.05 (one-way ANOVA, LSD test).
Survival data were arcsine transformed to meet normality assumptions. a Percentage survival: the percentage of eggs developing into adults. b Indicates differences in stage speciÞc survival, total immature development time, and host suitability index between species but within the same leaf age (P Ͻ 0.05, independent sample t-test). P Ͻ 0.01). The fecundities of B. tabaci B biotype were 3.46-, 1.90-, and 2.46-fold higher than that of T. vaporariorum when reared on young (t ϭ 5.694, df ϭ 14, P Ͻ 0.01), mature (t ϭ 2.408, df ϭ 15, P ϭ 0.029), and old (t ϭ 6.202, df ϭ 7, P Ͻ 0.01) tomato leaves, respectively. More eggs were laid by both species when reared on mature leaves than on young leaves (B. tabaci B biotype: P ϭ 0.014; T. vaporariorum: P ϭ 0.002; Table 2 ).
Discussion
Whiteßies generally prefer to oviposit on young leaves Bellows 1991, Liu et al. 1993) . Our results clearly indicated that leaf age has signiÞcant effects on the performance of both B. tabaci B biotype and T. vaporariorum but there were important speciesspeciÞc differences. Both species performed better when adults were allowed to oviposit on mature leaves, followed by old leaves; the young tomato leaves were the least favored in this no choice test. Subsequently, B. tabaci B biotype survived better and had a more female-biased sex ratio on mature and old leaves. However, T. vaporariorum achieved a higher Þrst to third nymphal survivorship on young leaves than on mature leaves together with a lower percentage of female on young leaves than on mature leaves (Tables  1, 2; Fig. 1 ). Our data were in line with those of previous studies. B. argentifolii (B. tabaci B biotype) nymphs survive better on mature than on young and old poinsettia leaves (Bentz et al. 1995) , but develop more slowly on tender versus older zucchini leaves (Cardoza et al. 2000) . Lu et al. (2007) stated that adult B. tabaci B biotype prefer cucumber leaves in the middle stratum of a plant for feeding and oviposition. T. vaporariorum prefers young tomato leaves to older leaves (Noldus et al. 1986 ) and has a tendency to occupy younger tomato leaves than B. tabaci B biotype (called B. argentifolii by the authors) (Tsueda and Tsuchida 1998) . Furthermore, our results indicated that B. tabaci B biotype had a broader range of suitable leaf age than T. vaporariorum. The B. tabaci B biotype developed faster and displayed greater egg hatch, fecundity, longevity, and produced a higher ratio of females than T. vaporariorum (P Ͻ 0.01; Tables 1, 2; Fig. 1 ) regardless of tomato leaf age. These properties may be particularly useful for population establishment, when the host plants senesce, are under poorer nutritional conditions, or early in the growing season.
Levels of nutrients change with leaf age. Young and expanding leaves generally contain more nutrients (Mattson 1980 , Harper 1989 , Mayer et al. 2002 , Chen and Poland 2009 . Preference for young tomato leaves by the phloem-feeding whiteßies such as T. vaporariorum and B. tabaci B biotype may correlate with higher whole-leaf total nitrogen content (Noldus et al. 1986 ). Our current study showed that T. vaporariorum favored young leaves, whereas B. tabaci B biotype favored mature and old ones. Noldus et al. (1986) demonstrated that when transferring a T. vaporariorum whiteßy from a young leaf to an old leaf or vice versa, more time is spent probing (including feeding) and less time walking on the young leaf. Young green ash (Fraxinus pennsylvanica Marsh) leaves have higher levels of trypsin and chymotrypsin inhibitors, and total phenolics than mature leaves (Chen and . Between-species differences in percentage of females within the same leaf age treatment are indicated above the column (* P Ͻ 0.05, independent sample t-test). Means (Ϯ SE) within a column followed by different lower case letters (Roman for B. tabaci B biotype and Greek for T. vaporariorum) differ at P Ͻ 0.05 (one-way ANOVA, LSD test).
a Data were square root transformed to meet normality assumptions. b Indicates differences in longevity and fecundity between species but within the same leaf age treatment (P Ͻ 0.05, independent sample t-test).
Poland 2009), conforming to the Optimal Defense Theory, according to which plant parts with higher Þtness value should be better defended (McKey 1979) . Young tomato leaves also have higher trichome density than older ones (Kisha 1981) which constitutes a physical defense. These factors could contribute to the decreased total survivorship and lower percentage of B. tabaci B biotype and T. vaporariorum females on young versus mature and old tomato leaves.
Competitive interactions among homopterans and hemipterans usually involve differences in resource acquisition (Reitz and Trumble 2002) . Our results clearly showed that mature and old tomato leaves were more advantageous than young leaves to the development and survival of the B. tabaci B biotype. Young leaves were more advantageous to T. vaporariorum than old leaves. In addition, our study found that B. tabaci B biotype performed better than T. vaporariorum. This was demonstrated by greater host suitability index on mature and old leaves, a higher percentage of females, greater fecundity in the Þrst 2 wk of adult life, as well as increased longevity on young, mature, and old leaves (P Ͻ 0.01). These differences could provide further insight into competitive interaction between B. tabaci B biotype and T. vaporariorum.
